Glacier) and the neighboring ocean. Ongoing glacier retreat and accelerated ice flow were likely triggered a few decades ago by increased ocean-induced thinning, which may have initiated marine ice sheet instability. Following a subsequent 60% drop in ocean heat content from early 2012 to late 2013, ice flow slowed, but by < 4%, with flow recovering as the ocean warmed to prior temperatures. During this cold-ocean period, the evolving glacier-bed/ice shelf system was also in a geometry favorable to stabilization. However, despite a minor, temporary decrease in ice discharge, the basin-wide thinning signal did not change. Thus, as predicted by theory, once marine ice sheet instability is underway, a single transient high-amplitude ocean cooling has only a relatively minor effect on ice flow. The long-term effects of ocean temperature variability on ice flow, however, are not yet known.
Introduction
Ice sheets resting on beds below sea level that deepen toward the ice sheet interior are susceptible to marine ice sheet instability [Mercer, 1968; Weertman, 1974; Schoof, 2007] . Flow speed at the grounding line (the transition from grounded to floating ice) increases with ice thickness. Thus, initial grounding line retreat down a sloping bed into thicker ice causes additional ice discharge, thinning, and retreat: a positive feedback [Weertman, 1974; Schoof, 2007] . For at least the last two decades, ocean-induced melting [Jacobs et al., 1996; Payne et al., 2004; Jenkins et al., 2010; Jacobs et al., 2011; Dutrieux et al., 2014a] has thinned floating ice shelves in West Antarctica's Amundsen Sea Embayment [Pritchard et al., 2012; Paolo et al., 2015] , initiating widespread grounding line retreat [E. J. Rignot et al., 2014] and increasing discharge . Models projecting these changes forward often [Favier et al., 2014; Joughin et al., 2014; Cornford et al., 2015] , but not always [Joughin et al., 2010; Parizek et al., 2013; DeConto and Pollard, 2016] , yield eventual ice sheet collapse. Simultaneous observations of the ice sheet and adjacent ocean remain scarce, so that observational validation of model simulations is rare. Here we present the first concurrent multiyear (2009) (2010) (2011) (2012) (2013) (2014) observations of Pine Island Glacier (PIG), its ice shelf, and the adjacent Amundsen Sea.
From 1974 to 2010, PIG accelerated~75% to~4000 m yr À1 (Figure 1 ), increasing its mass imbalance~750%
(from À 6.0 ± 6.4 Gt yr À1 to À 46.1 ± 7.1 Gt yr deep regions near the grounding line [Jacobs et al., 1996; Payne et al., 2004; Jenkins et al., 2010; Joughin et al., 2010; Jacobs et al., 2011; Pritchard et al., 2012; Parizek et al., 2013; Dutrieux et al., 2014a; Favier et al., 2014; Joughin et al., 2014; Mouginot et al., 2014; Cornford et al., 2015; DeConto and Pollard, 2016] . The resulting thinning reduced drag from local grounding on bed highs and along shear margins, allowing faster flow of the ice shelf and the proximal grounded ice stream feeding it. This speedup led to retreat of the grounding line into deeper water toward the continent and loss of traction where the ice went afloat, a feedback that produced greater thinning, flotation, and grounding line retreat, which continued through 2009 [E. J. Joughin et al., 2003; Rignot, 2008; Mouginot et al., 2014; Rignot et al., 2014] . Observations and modeling, however, suggest that oceanic forcing varied on multiple timescales in Pine Island Bay during the 1992-2009 retreat [Thoma et al., 2008; Dutrieux et al., 2014a; St-Laurent et al., 2015] , likely causing a twofold variation of ocean heat content in the ice shelf cavity [Dutrieux et al., 2014a] . Ice velocity was poorly sampled in time, making it difficult to determine glacier sensitivity to this ocean variability, as, in addition to ocean forcing, ice shelf melt rates are affected by the evolving ice shelf cavity geometry. Model projections of PIG's behavior during the 21st century vary, from sustained but moderate retreat [Joughin et al., 2010] to unstable retreat [Favier et al., 2014] , pointing to inadequate process understanding and demonstrating the importance of constraints provided by joint glacier-ocean observations.
To better understand glacier response to ocean forcing, we instrumented the PIG ice shelf and cavity. Ocean moorings have recorded temperature near the ice shelf front since 2009 (Figures 2 and S1 in the supporting information). A Global Positioning System (GPS) array on the PIG ice shelf from January 2012 to January 2014 (Figures 1, 2a , and S2-S3) provided point velocities with high temporal resolution. These data are complemented by velocities and grounding line positions from satellite synthetic aperture radar (SAR) data acquired 13 times from 2009 to 2015 ( Figure 3 and Movie S1). Shorter time series of basal-melt rate and ocean properties were also obtained directly from the ice shelf cavity [Stanton et al., 2013] . Together, these data sets reveal the ice flow response to a large (>1°C), prolonged (>1 year) fluctuation in ocean temperature. [Rignot et al., 2011a [Rignot et al., , 2011b (100 m yr À1 contour interval) in the vicinity of Pine
Island Glacier plotted over Moderate Resolution Imaging Spectroradiometer (MODIS) image mosaic [Haran et al., 2014] . Pine Island Glacier (PIG), Pine Island Glacier ice shelf (PIGis), Pine Island Bay (PIB), and Thwaites Glacier (TG) are labeled. Locations (and number) of conductivity, temperature, and depth (CTD) casts used to create averaged temperature profiles in Figure 2b are plotted. White line indicates the most recent comprehensively mapped grounding line (2011) . Inset shows map extent in Antarctica. (b) Pine Island Glacier ice shelf draft calculated from a surface digital elevation model derived from Worldview satellite stereoscopic optical imagery [Moratto et al., 2010; Shean et al., 2016] assuming hydrostatic equilibrium. The inversion domain is chosen to be the approximate maximum extent of floating ice (2009) (2010) (2011) (2012) (2013) (2014) . Locations of the ocean moorings (iSTAR9 and BSR5) and GPS sites are shown by circles and a triangle, respectively. The line between triangles indicates extent of GPS site motion. Light gray contours indicate bed elevation. The À750 m bed elevation contour (heavy gray) marks a large bathymetric ridge [Jenkins et al., 2010; Muto et al., 2016] that is oriented transverse to ice flow.
Geophysical Research Letters

10.1002/2016GL070500
2. Data and Methods
GPS Velocities
We deployed five GPS receivers in a strain net around an ice shelf channel ( Figure S2 ). GPS data were collected using dual-frequency receivers (Trimble NetR9 receivers with Trimble Zephyr Geodetic 2 antennas) and processed using differential carrier phase positioning as implemented in the Track software [Chen, 1998] relative to a fixed rock site approximately 60 km away (Backer Island) with epoch-by-epoch zenith tropospheric delay estimation [King, 2004] . Geodetic positions (relative to WGS84 ellipsoid) were calculated every 30 s. Uncertainties on each position are less than 5 cm in all dimensions. Daily-averaged positions of the Backer Island base station were calculated using GAMIT and stabilized relative to a fixed circumAntarctic reference frame using a Kalman filter (GLOBK). Geodetic solutions were transformed to a polar stereographic coordinate system (EPSG:3031). Epoch-by-epoch component velocities were derived from 3 day fourth-order polynomial fits to the polar stereographic coordinates (EPSG:3031) calculated using Savitsky-Golay filters [Press et al., 2007] and included a scaling factor to account for distance distortion caused by projection. We compared these velocities with velocities derived using several other methods, including those calculated from geodetic coordinates using both epoch-by-epoch coordinates after 3 day fourth-order Savisky-Golay smoothing and daily average coordinates calculated via a standard moving average boxcar window. We also fit over various time windows (6 h, 12 h, 1 day, 3 day, and 1 week). For a given window size, Savitsky-Golay (digital smoothing polynomial) filters will better preserve the higher moments in the original data but retain more noise. However, the long-term velocity trends of interest here (fortnightly or longer) are insensitive to fit method, window length, and GPS site used ( Figure S3 ). We applied a 3 day median filter to the final data shown in Figure 2a , which are from GPS site SOW2 ( Figures S2 and S3 ), for display purposes.
Synthetic Aperture Radar Data
We calculated ice velocity from TerraSAR-X synthetic aperture radar (SAR) pairs using a speckle-tracking approach [Joughin, 2002; Joughin et al., 2003 Joughin et al., , 2010 . Pixel-by-pixel formal uncertainties calculated following the methods of Joughin [2002] are~25 m yr À1 (<1%) or less, and our SAR-derived and GPS-derived speeds agree to within this uncertainty (≤25 m yr
À1
). In Figure 3a , we selected the December 2009 ice velocity ( Figure S4 ) as the reference scene from which to compute velocity anomalies because data in that scene are spatially extensive and ice speed increases smoothly along flow with no visible localized flow anomalies. To derive the 2009 and 2013 grounding lines (the 2011 grounding line is from Rignot et al. [2014] ), we used differenced range offsets determined from speckle-tracking using pairs of TerraSAR-X images. A single image pair has both tidal and horizontal motion. Assuming the motion is constant between the two TerraSAR-X image pairs, we can cancel the common horizontal motion by differencing pairs of speckle-tracked range offsets and obtain an estimate of differential vertical motion associated with tidal flexing [E. Joughin et al., 2010 Joughin et al., , 2016 . The grounding lines were hand digitized at the upstream end of the gradient in differenced range offsets. This procedure is similar to the way grounding lines are computed using interferometric phase [Goldstein et al., 1993] , which measures the same quantity. In sections of the grounding line with little horizontal curvature, the upper limit of flexural displacement, a proxy for the grounding line, is located to within uncertainty of <1 km. In areas of high curvature, uncertainty can exceed 1 km.
Ocean Temperature Measurements
To add to previous austral summer shipborne observations of water properties [Dutrieux et al., 2014a] , we aggregated two ocean moorings deployed within a kilometer of each other to provide a 5 year temperature record at depth near the Pine Island Glacier ice shelf front. Mooring BSR5 was deployed in February 2009, while mooring iSTAR9 was deployed in February 2012. Both were recovered in January 2014. Both moorings were instrumented at several discrete depths between 320 and 800 m depth with SeaBird temperature and pressure loggers, yielding six-and seven-instrument time series at instrument-dependent sampling rates varying from 5 min to 2 h. During the period of sampling overlap between the two mooring sites, the temperature records are consistent. In Figure 2a , a measure of the ocean heat content is obtained by interpolating in depth the temperature record at both sites and averaging between 450 and 750 m depth over a time span of one month (30 day moving averages). Heat content is calculated as Q = ρc p (T À T f ), where ρ is the density of the ocean, c p is the ocean heat capacity, T is the depth-interpolated temperature, and T f is the in situ freezing temperature.
The thermocline is the zone of large vertical gradient of temperature in the water column separating the cold winter water (WW) from the underlying, warm circumpolar deep water (CDW). There is no unique definition of this zone [cf. Dutrieux et al., 2014a] , but its upper and lower depths can be defined by breaks in the slope of the temperature profile or threshold variations from the WW and CDW characteristics. In the mooring record (Figure 2) , the upper bound of the thermocline (i.e., departure from WW to CDW) varies from 250 to 550 m depth and the lower bound varies from 550 to 770 m depth. Most of the ice shelf bottom is at depths that are within the bounds of the thermocline where most temperature variability occurs (Figure 1b) .
Basal-Melt Rate Measurements
A subice, upward directed acoustic altimeter was installed at the base of a borehole within 5 km of the GPS array [Stanton et al., 2013] . The altimeter functioned for several months in early 2013. Acoustic backscatter amplitude provides a range offset time series between the instrument and ice bottom over O(10) cm 2 area, with a sampling period of approximately 3 h. Range offsets are converted to basal-melt rate (Figure 2a ) by taking the time derivative in a 15 day moving boxcar window using a linear fit. The first five days of data are eliminated, as they were biased by settling of the instrument relative to the ice bottom after hot-water drilling concluded [Stanton et al., 2013] .
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3. Results
Ice Velocity
Earlier results show that the glacier accelerated to a peak speed of~4000 m yr À1 near the grounding line by 2009 [Joughin et al., 2010] . Speed remained nearly constant until early 2012 (black bars in Figure 2 , panels 1-5 in Figure 3a , and Figure 3b ). Through 2012 and until mid-2013, the overall speed decreased to~3850 m yr
À1
(black curve in Figure 2 ). Speed then increased again, reaching 3975 m yr À1 by early 2014 (Figure 2a ) and returning to or above its approximate preslowdown speed in late 2014 (Figures 2a and 3) . This is the only slowdown observed in at least the last two decades. The slowdown occurred across the well-imaged (central fast flowing) portion of the ice shelf and extended 10 km inland but was lower amplitude (~1%) and had little influence farther upstream (Figure 3 and Movie S1). The SAR data show that the ice shelf speedup continued into 2015, with the proximal grounded ice stream returning to its earlier (pre-2012) baseline speed.
Ocean Temperature
Mooring observations ( For January-February 2012 (before the anomaly peak), ocean observation-based balance flux calculations at the ice shelf front already indicate a 53% reduction in melt, while numerical modeling of ocean circulation in the ice shelf cavity yields a 31 to 38% decrease, through coupled reduction of ocean temperature and circulation [Dutrieux et al., 2014a] . Although of short duration, basal altimeter measurements also indicate a link between basal-melt rate and ocean temperature near the ice front (Figure 2a ).
Ice-Dynamic Response to Ocean Forcing and Loss of Buttressing
Ice flow velocity correlates well with ocean temperature lagged~275 days (r = 0.73; computed using the high-frequency GPS-derived velocity data; see Figure 2a ), consistent with colder water allowing the ice shelf to thicken, increasing drag. The lag is expected to be longer than the circulation timescale (30-60 days) [Heimbach and Losch, 2012] , in order for reduced melting to allow enough thickening to increase drag. Although the SAR data are less well sampled in time, they also indicate that ice speed and ocean temperature are likely correlated. Additional evidence that changing side drag influences flow velocity comes from the response to a calving event that occurred during November 2013. As the iceberg (B31) drifted away from PIG, reducing the shelf area available to generate side drag, speed increased~1%. The glacier calved at least six times between 1972 and 2015 with no obvious relation to ocean temperature [MacGregor et al., 2012] . The November 2013 calving likely was also not a direct response to ocean forcing, but the speedup from loss of this thinnest part of the ice shelf shows its responsiveness to changing buttressing and highlights the system's coupled nature.
Discussion
Ocean simulations and observations indicate that strong easterly wind anomalies at the continental-shelf break (as observed in 2011-2012) weaken CDW advection from the open ocean [Thoma et al., 2008; Dutrieux et al., 2014a] . The 2011-2012 wind anomaly was forced by an atmospheric teleconnection from the remote tropical Pacific by a La Niña event [Dutrieux et al., 2014a] . Regional sea-ice/ocean modeling also suggests that anomalous atmospheric heat fluxes during late 2012 increased sea-ice production and thus WW volume in Pine Island Bay [St-Laurent et al., 2015] . Although the relative contributions of local versus remote atmospheric forcing, and their interactions, are not known, both could have reduced ocean temperature in Pine Island Bay and probably contributed to the 2012-2014 cold-ocean anomaly.
The thickness of the PIG ice shelf is determined primarily by the balance between ice advection and basal melting [Dutrieux et al., 2013] , as accumulation variability has only minor effects on PIG ice shelf thickness
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10.1002/2016GL070500 . Since a high amplitude (~500 m), transverse seafloor ridge beneath the ice shelf limits access of the deepest and warmest waters to the grounding line (Figures 1b and S5 ) [Jenkins et al., 2010; Muto et al., 2016] , only waters above~750 m depth reach the grounding line in the inner cavity, cause melting, and feed a buoyant return flow [Jenkins, 2011] , affecting basal-melt rate, ice thickness, ice drag, and ice flow along the entire ice shelf. The observed middepth thermal variability is thus indicative of the range of ocean temperatures to which the PIG ice shelf base was exposed during the study period (Figure 2b ).
Taken together, the glaciological and oceanographic data produce a consistent picture of ocean forcing and glacier response. Our detailed observations began when ocean temperature was high, and the ice was flowing and thinning rapidly, following a large and likely ongoing ungrounding event [Joughin et al., 2010; Rignot et al., 2014] . Subsequent ocean cooling decreased basal-melt rates, allowing advection of thicker ice farther downstream, thus favoring increased buttressing from increased localized grounding, possibly aided by increased side shear from the thicker ice. The ice shelf slowed in response, in turn slightly slowing the grounded ice stream, and this at least temporarily halted grounding line retreat. The simplest interpretation is that basal-melt rate is directly proportional to cavity ocean heat content and in turn modifies ice velocity through changing drag resulting from ice thickness changes. Because ice thickness also depends on continued melting and the past grounding line and flow history, the link between ocean temperature and ice velocity is modified by associated changes in ice shelf cavity geometry, dampening the expected response, which would explain the observations.
The evolution of the small region grounded across the transverse bathymetric ridge is particularly interesting (Figure 3) . Joughin et al. [2016] provided a detailed analysis of the time evolution of grounding over this region. Here we present an interpretation of our observations that is consistent with their results. Ice shelf drafts are close to seafloor elevations in several locations (Figure 1b Figure 3b ; see panels 4-8 in Figure 2 of Joughin et al. [2016] ) due to the large ongoing ungrounding event [Joughin et al., 2010; Rignot et al., 2014] . Grounding was subsequently established downstream on the higher topography of the ridge crest near km 55-60, probably beginning in early 2012 (panels 8-10 in Figure 2 of Joughin et al. [2016] ) and clearly established in our data by June 2013 (Figure 3a ; dark blue band in Figure 3b ), coincident with the main slowdown and consistent with the cold-ocean anomaly allowing advection of thicker ice into the ridge. We suspect that the region of grounding established by June 2013 was subsequently reduced by increasing basal-melt rate (Figure 2a ; panels 11-15 in Figure 2 of Joughin et al. [2016] ), contributing to the small positive velocity anomaly seen just upstream of the grounding line in our December 2014 map (Figure 3a) . Changes in grounding affect ice velocity not only directly by changing backstress but also indirectly by changing ocean circulation and basal melting, through opening or closing ocean passages (especially in areas with a shallow water column such as near the bathymetric ridge), with subsequent effects on ice thickness advecting from upglacier in this strongly coupled glacier-ocean system . Regrounding of ice on previously submerged bathymetric ridges can thus have widespread effects on ice flow.
Conclusions
During the last two decades, the grounding line of PIG retreated down the continental side of the large seafloor ridge (Figures 1 and S5 ), likely in response to thinning due to an intrusion of warm waters beneath the ice shelf [Payne et al., 2004; Jenkins et al., 2010; Dutrieux et al., 2014a] . Based on limited observations and our knowledge of atmospheric teleconnections [Turner et al., 2004; Steig et al., 2012; Dutrieux et al., 2014a] , ocean temperature fluctuations similar to the one we have documented may have occurred during this retreat. However, because the bed slope favored marine ice sheet instability, the glacier was not stabilized by cold-ocean anomalies. Recently, the grounding line entered a rougher, more nearly horizontal area ( Figure  S5 ) [Joughin et al., 2010 . This configuration is more sensitive to oceanic variability and less sensitive to marine instability, because bed elevation does not decrease rapidly and monotonically inland of the grounding line. Nonetheless, the current depth of the grounding line is such that flow speed and ice discharge are well out of balance, so that strong thinning will continue within the basin unless the grounding
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10.1002/2016GL070500 line retreats or advances to a shallower position. The grounding line retreated into the zone of more subdued bed slopes in 2009 and stabilized at least temporarily [Joughin et al., 2010 . Ice speed did not decrease until 2012 when the cold-water anomaly began. The slowdown was likely also partially a result of the advection of thicker ice onto the bathymetric ridge ; the lower ocean heat content likely lowered basal-melt rate, allowing thicker ice to advect farther downstream. As the water in the cavity subsequently warmed, however, speeds increased to their precold anomaly rates, suggesting grounding line retreat will resume.
Simulations using a temporally static basal-melt rate indicate that an eventual stepped retreat is likely over the next several decades [Joughin et al., 2010] . Future ocean temperature fluctuations may cause similar speed and grounding line fluctuations, so that retreat pace on interannual to subdecadal timescales will depend on the interplay of grounding line position, glacial and seabed geometry, and ocean forcing [Joughin et al., 2010; Jamieson et al., 2012; Parizek et al., 2013] . Model projections do not generally include ocean temperature forcing on interannual timescales and thus the cumulative effects of ocean temperature fluctuations on ice flow are unclear. Our data suggest that persistently cold oceanic conditions may be needed to restore PIG to stability even with its grounding line in a relatively flat region, consistent with the sustained, decadal-scale retreat predicted in modeling studies [Joughin et al., 2010; Favier et al., 2014; Seroussi et al., 2014; De Rydt and Gudmundsson, 2016] . Thus, for PIG or other drainages with retrograde bed slopes, once unstable retreat has been triggered, reversing the long-term sea level contribution likely would require significant multidecadal shifts away from the climatic changes that initiated more rapid melting and ice flow.
